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Abstract

The cause of the tropospheric biennid oscillation (TBO) in asimple coupled ocean+
amosphere mode is examined. The modd isfirst reduced to apair of coupled linear firg-order
differentid equations, piecawisein time, for analyss. It is found that two ingredients are
essentid for the biennid oscillation in the modd. Thefirgt ingredient is the amplification of SST
perturbations in both the Indian Ocean and western Pecific in opposite directions during the
northern autumn, winter and spring seasons, reflecting a positive feedback process. The second
ingredient is the decay and change of Signs of the SST anomaly in the western Pacific during the
northern summer, representing a negative feedback process. Under such a scenario, the smple
mode exhibits aregular biennid oscillation.

Diagnosis of the model TBO reved's that the western Pecific SST and zonad wind
anomalies have alagged corrdation a atime scae of 2-3 months, smilar to observations. Such a
phase lag results from both remote and local ocean-atmosphere-land interaction processes. The
remote processes involve the large- scal e east-west circulation associated with anomalous
monsoon heeting, whereas the local processes include the ocean horizonta and vertica
advection and surface wind-evaporation- SST feedback. It is concluded that the phase lag
between the SST and wind is aresult rather than a cause of the TBO.

Oscillatory and non-oscillatory regimes of the mode’ s solutions are obtained with the
tuning of key parameters within redigtic ranges. It isfound that the model TBO is sendtive to
both internd air-sea coupling coefficients and externd basic Sate parameters. With the dight
change of these parameters, the model may undergo a bifurcation from a TBO regimeto a
chaotic regime or an annud oscillation regime — a possible scenario for the TBO irregularity. In
particular, with a specification of interdecada change of the basic state wind, the model may
undergo a continuous warming pettern in the eastern Pacific, resambling the prolonged El Nino
condition in the early 1990s.



1. Introduction

Long-term observationa data andyses reved that the interannud rainfdl variability over
the Asian and Audtralian monsoon regions has aremarkable biennial spectrum pegk (eg., Lau
and Shen 1988). These tropospheric biennid oscillation (TBO) signas have been detected in the
ranfal of Indonesa (Yasunari and Suppiah 1988), India (Mooley and Parthasarathy 1984, Lau
and Yang 1996) and East Asia(Tian and Yasunari 1992, Shen and Lau 1995, Chang et a. 2000).
Asapart of the coupled system, therainfall TBO is associated with the variationsin large-scale
tropospheric circulation and tropical sea surface temperature (SST) patterns (Rasmusson and
Carpenter 1982, Meehl 1987, Y asunari 1990, Ropelewski et a. 1992).

The observationd discoveries have led to further theoreticad understanding in terms of
what causes the TBO. Air-seainteraction over the equatorid basins has been thought to be akey
ingredient for the TBO. So far there have been various atempts to modd the biennia oscillation
by considering atmosphere-ocean feedbacks within the tropics. Firdt, Brier (1978) used state
diagrams to demondrate that abiennia oscillation can be achieved when a negative feedback
between the atmosphere and the ocean is considered. Next, Nicholls (1978, 1979, 1984)
amulated a TBO with apair of fird-order linear differentid equations (one for the atmosphere
and the other for ocean) in which the atmospheric pressure (wind) anomaly has an opposite
impact on the SST anomay (SSTA) during winter and summer, owing to the seasond cycle of
the basic state wind. Based on schematic arguments (with addition of the long-lasted ocean
memory assumption), Meehl (1987) (heresfter, M87) gave a quditative account of how aloca
negative air-sea feedback (feedback that involvesloca surface wind, evaporation, and ocean
mixing processes) can lead, in the course of seasonal progression of maximum convection, to a
biennid oscillation.

Recently, Clarke et d. (1998) (hereafter, C98) disputed the M87 seasonal maximum
convection progression hypothesis by arguing that the peak phase of convection/wind associated
with TBO is not in agreement with its seasond maximum. Following the origind idea of
Nicholls (1978), they constructed a thermodynamic SST equation with the surface wind-
evaporation feedback as a core process and a specification of seasondly varying basic sate
winds. The key differenceisthat in the C98 modd, the atmospheric differentia equation is
replaced with atime lag relationship between the anomaous wind and SST. The argument given
is that the atmaosphere responds rapidly to the ocean surface temperature and hence is better
modeled with atime lag of 1-3 months than with atime-differentia relation (which would imply
a 6-month phase lag for a 2-yr oscillation period). The resulting equetion is essentidly a ddlayed
differentid equation of the form
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wheret istime, T the anomal ous sea surface temperature over an equatoria basin, and D thetime
lag. Coefficient k varies with the annud cycle state of the zona wind and is positive for one half
of the year and negativethe other. In asmplified mathematics notation, that would be

1- |k during summer, and,
k(t) =i N o

(12)
1+ dui ng winter.



Inasmilar way, one may modd the M87 loca negative feedback mechanism
quantitatively with equation (1.1), by letting the coefficient k be zero for the whole year, except
during the annua maximum convection:

|k| during maximum convection, and,

k(t) = : ) (13)
|

T 0 rest of the year.

The common thread that runs through these modelsis that they are dl locd, i.e. the
dynamics for the biennid oscillation are dl confined in asingle basn/region, and thereis only
onefirg-order differentia equation. Under this property, the presence of the time delay, D, in the
differential equation (1.1) isessential for obtaining an oscillation solution. Theannud cydein

coefficient k, both in the C98 model (1.2) and our proposed M87 local feedback model (1.3),
servesto give exactly a2-yr period.

In the delay oscillator ENSO theory (Suarez and Schopf 1988, Battisti and Hirst 1989), a
differential delay equation similar to equation (1.1) is used to modd the ENSO cycle. However,
in that case, the sea surface temperature, T in (1.1), isthat of the eastern Pacific ocean and the
atmosphere-ocean coupling coefficient, k, is a congant of time:

K(t)=- k|- (1.4)

In the absence of the annua cycle in coefficient k, the solution is dill oscillatory by virtue of a
delayed term but the period will be determined by both the strength of the coupling coefficient, k,
and the length of the time delay, D (see Battisti and Hirst 1989 for a detailed mathematical
treatment).

The C98 and M87 TBOs as well asthe El Nifio ddayed oscillation areillugtrated in Fig.
1 for comparison. In the El Nifio modd (Egs. 1.1 and 1.4), the time delay is the property of an
entity that has a physca manifetation. Specificaly, it represents the travelling time for an
equatorid Rossby wave, whose maximum amplitude off the equator, to propagate westward and
an equatoria Kelvin wave to propagate eastward aong the equator. However, inthe TBO
models (Egs. 1.1, 1.2 and 1.3) there are no known physical objects for association and hence no
gtrong dynamica basisfor theincluson of atime delay. The observed delay between loca wind
and SST shown by C98 may be, as will be shown in next section, a by-product rather than a
cause of TBO. The exisence of this difficulty together with the fact that a delay term is vitd for
oscillatory behavior when involving only single region dynamics suggests that the fundamentd
cause for aTBO cycle may likely include the dynamics of and interactions between more than
oneregion, anideainitialy explored by M87.

One important observationa characteristic of amospheric convection associated with the
TBO over the AsanAudrdian monsoon region isthat it exhibits a digtinctive spatia structure
and seasondity (Meehl 1987, 1994). Anomaliesin convection represented by outgoing longwave
radiation start over the Indian monsoon region during the northern summer and propagate
southwestward and reach to the Australian monsoon region in the subsequent northern winter.
That is, the phase of TBO pergdts, and a strong Austrdian monsoon frequently follows a strong
Indian monsoon. Such spatia and seasond characteristics of TBO are not addressed by the local
ar-sea feedback mechanisms proposed by M87 and C98. It may require remote air-sea-land
interaction processes, processes that involve the Asian- Audtralian monsoon, large- scale east-west
circulation, and tropical Pecific and Indian oceans. M87 aso proposed aremote forcing



mechanism. The key ingredient is that the SSTA in the eastern Pacific induces an anomaous
east-west circulation that further changes the strength of the South Asan monsoon. From a
different perspective, Chang and Li (2000, hereafter CL00) emphasized the role of the monsoon
in changing the east-west circulation and eastern Pacific SST, not the other way around. They
argued that asmall cold SSTA (order of -1°K, Ropelewski et d. 1992) in the eastern Pacific cold
tongue is much lesslikely to play arole in pulling air mass out of the Asan monsoon region
through the east-west circulation. To demondtrate the active role of the Asan-Austrdian
monsoon on a TBO cycle, they developed a 5-box coupled ocean-atmosphere modd that dlows
interactions among the South Asan and Austrdian monsoon regions and the equatorid Indian,
western and eastern Pacific Oceans. The essential physical processesin the CLOO mode include
the monsoon induced large- scale east-west circulation, SST-monsoon feedback, Walker cells
over the equatorid Indian and Pacific oceans, wind-evaporation-SST feedback, and ocean
thermocline variation in the Pacific. The modd is capable, without a priori specification of time
delays, of smulaing not only abiennid oscillation but aso the phase rlation between South
Asan and Audraian monsoons.

The objective of this study istwofold. First we pursue the andytical solution of the CLOO
modd by smplifying the modd into a pair of homogeneous firg-order differentia equations,
which are piecewise in time. The smplified modd is then andyzed using linear differentid
cdculusto explain the fundamenta cause of TBO, from both mathematica and physicd points
of view. Second, we examine the sengtivity of the mode solution to both interna coupling
coefficients and externd basic Sate parametersin an attempt to understand the possible
mechanisms that cause the irregularity of TBO.

2. Analysis of the 5-box model

The dynamic framework of the current modd is intended to be smilar to the CLOO
model. Along the equator the ocean is divided into three regions (see Fig. 2), representing the
equatoria Indian Ocean, western Pecific, and eastern Pecific, respectively. Therates of time
change of the Indian Ocean and western Pacific SST anomadies are given by
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where U and w denote the surface zond wind and ocean verticd velocity at the base of the mixed
layer, respectively, Dq denotes air-sea specific humidity difference, T™ and T represent zond
and vertica ocean temperature gradients, and subscripts |, W and C stand for the equatorid
Indian Ocean, western and central Pacific, respectively. An over bar denotes the annua- mean
basic gate variable. In this smple dynamic system, the time tendency of SSTA in the equatoria
Indian Ocean and western Pacific depends on various dynamic and thermodynamic processes
including horizontal and vertica temperature advection and surface wind-evaporation feedback.
Table 1 ligts the meaning and vaue of the model key parameters.

o[-1 0, =+ T L 0Ry - (v+ iy,
0



Following CL 0O, the surface zond winds over the equatoria Indian and Pecific oceans
are determined by convective heating anomalies over the Indian and Austrdian monsoon regions
(which in turn depends on anomaous low-level moisture convergence) and SST-dependent
eastern and western Walker cells. Thus the surface zond winds, U, are given by

UI = Cl)dl ><TI +C2 ><TW

Uy :'Cs>dAxTw' C4>d| T, (2.2)

Uc =-Cs >dAxTW -G >d| le +C; X(TE - Tw)
where T, denotes SSTA in the eastern Pecific, and interactive coefficients ¢;, i=1,7 are
determined based on ascaling andysis (see CLOO for adetailed derivation). The seasond switch

coefficients for Indiaand Austradiamonsoon, d; and da, are zero the whole year except in the
northern summer and winter, respectively, when they take on the value of unity:

q = il during summer, and,
Y rest of the year.
il during winter, and,
d,=j (233
10 rest of the year.

To amplify the sysem for andlys's, we gpproximated the eastern Pacific SST anomay
with the western Pecific SSTA:

T, =-2xT,,. (2.4)

This treatment of the eastern and western Pacific SSTA as a seesaw is supported by the
observationd study by Lau and Y ang (1996), who found that the amplitude of SST anomay in
the western Pacific on the biennid scaeis about haf of the eastern Pacific counterpart, with a
reversed sign. It is aso supported by the numerical solutions of CLOO inwhich afull eastern
Pecific SSTA equation was consdered. It follows that to the first order of gpproximetion, the
eagtern Pacific SSTA may be regarded as apassve player in the TBO cycle.

Findly, by substituting Egs. (2.2) and (2.4) into (2.1) with the specification of standard
parameter values (listed in Appendix A), we derived apair of homogeneous first order
differentid equationsthet is piecewisein time:

%T, = (- 3.15- 9.90>d,) 5T, - 4.06%T,,

T, 213340, 7, +(027 +1253:d,) T,

i
The solution for the differentiad pair equation (2.5) is not only oscillatory but dso hasa
biennid period. It isin full agreement with the numerica integration of the origina 5-box model
of CLOO. Figure 3ashowsthismode solution. In comparing this system to the C98 and M87
models, we have avoided the difficulty of the inclusion of the ddayed term by having ingtead an
additiond linear differentia equation for a second ocean basin and physica connection between
them, thus forming apair of linear differentiad equations.

(2.5)



To check whether or not in the smple dynamic system (2.5) there isalagged correlation
between local SST and wind, we compute the correlation between the mode’ s western Pecific
surface wind anomaly and SSTA, and find that indeed there is a positive peak corrdation a a
lagged time of 2-3 months (Fig. 3b), aresult similar to that calculated from observations by C98.
This suggests that the observed lag between the local SST and surface wind could be more of a
result than a cause for the TBO, in contradiction to the previous TBO models such as C98. The
reason to cause such a delay isthat the SST in the western equatorid Pacific isimpacted by not
only thelocd ar-seainteraction processes such as ocean advection and evaporation-wind
feedback but aso the remote forcing of anomaous South Asan monsoon vialarge-scale east-
west circulation. Thus, it is both the remote and local impacts that cause the phase lag. Such a
lag, however, results from interactions among different regions, not from the loca dynamic
structure as argued by C98.

The amplified modd (2.5) isapair of homogeneous firgt-order differential equation that
is quasi-nonlinear in the sense that the anoma ous monsoon heeting coefficients, d; and da,
change with season. To demondirate the relative importance of each season and the associated
physica processesin producing the TBO, we further derive three pairs of equations, one for each
season (because spring and autumn have the same coefficients), in the following form:

1 éT, u éa bu éT, u
é )%T (2.6)
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The solution of (2.5) can be obtained from the solutions of (2.6) for each season, joined in time,
where the initid vaues of each seasond equations are equad to the find vaues of the previous
season solutions. A complete andytica trestment of linear system of first order differentid
equation (2.6) can be found in mathematical texts (e.g. see Grossman and Derrick 1988) and a
summary, relevant to thiswork, isgivenin Appendix A. In this section, we will make use of the
resultsin Appendix A [where T, corresponds to x(t) and Twto y(t) ] to andyze the ample
dynamic system (2.5), whose seasond coefficients are given in Table 2.

Table 2. The coefficients for the simplified TBO model for different seasons.

Seasons a b c d
Winter -3.15 -4.06 0 12.87
Spring -3.15 -4.06 0 0.27
Summer -13.04 -4.06 13.34 0.27
Autumn -3.15 -4.06 0 0.27

The seasond vaues of the coefficients of the smplified coupled mode are plotted on the
regime diagram in Fg. 4. (A complete description of the regimes of the linear systemn can be
found in Appendix A.) Themodd isin the saddle point regime (the middie graph of Fig. Al)
during spring, autumn and winter, and in the table focus regime (the |eft graph of Fig. A2)
during summer. To explain the biennid oscillation observed in the numerica evolution of the



smple dynamic sysem (2.5), it is necessary to examine andyticdly the behavior of the modd in
each season, particularly in the winter and summer periods.

During winter, we observe a few relationships among the coefficientsin Table 2:
coefficient b is negative, coefficiernt ¢ is zero, and coefficient d is greeter than coefficient a. The
reason that coefficient ¢ isnull isthat in this smplified coupled modd, the Indian Ocean SST
does not affect that of the western Pacific during spring, autumn, and in particular winter. From
Egs. (A.7a) and (A.9a), the asymptote G, and G- must take on the values of the second pair in
Eq. (A.10) because| + =dand | _ = a. Hence, asymptote G- has a zero gradient while asymptote
G hasanegative gradient. The implication of thisresult isthat when Ty is negative (postive),
it will continue to be more negative (positive) while T, will either be flipped over from negetive
(postive) to pogtive (negative) or continue to be postive (negative) if it were dready in the
positive (negative) phase. This can be seen in the phase diagram (Fig. 5) of the mode during
winter. Note from Fig. 5 that there is reinforcement for the SSTA in the western Pecific and
Indian Ocean. Hence, it can be concluded that during the winter season, the western Pacific
SSTA dominates the SSTA in the Indian Ocean, forcing the latter to be in opposite phase with it.
In autumn and spring, the same andysis and conclusion gpply.

The physica reason for thisis that the strength of the anomaous Walker cdll over the
Indian Ocean is primarily determined by the SSTA over the western Pacific/maritime continents.
A warmer SSTA in the western Pecific would cause a stronger western branch of the Walker cell
that further cools the Indian Ocean through surface evaporation processes (because the annua
mean zona wind iswesterly over the equatorid Indian Ocean). The change of SST in the Indian
Ocean, on the other hand, may influence the western Pecific ocean in summer through the
change of the South Asian monsoon and the associated large- scale east-west circulation.

We thus have the firgt ingredient for oscillation of the smple coupled system: the
amplification of SST perturbations in both the Indian Ocean and the western Pacific in opposite
directions. A second ingredient criticd for the oscillation is that the SST anomaies must
decrease in magnitude and change in sign before the next winter. This leads to further andlysis
of the modd's summer behavior.

In summer, the Smple coupled mode isin stable focus regime and the orbit representing
both the SST anomaiesin Indian Ocean and western Pecific spirds towards the origin
(equilibrium point) and changes 9gn inits course. Thus, we have the second ingredient for
oscillation—the decrease of the SSTA in the western Pacific and its change of Sgn. Such an
oscillatory behavior would not be possible if the modd isin the stable node regime during
summer, where its values decrease and approach zero without any change in Sgn.

The resultant piecewise solution for the smple coupled modd is shown in Fg. 6. It
reflects the phase diagram of the time series solution illustrated in Fig. 3a

Asthe growth, decay, and the crossing of zero line of the SSTA in the western Pecific
happen in a chronologicad order in asingle year, with the Indian Ocean SSTA in an opposite
phase, the modd takes exactly two yearsto performa full cycle. Therefore the modd smulates
the biennid oscillation of the SST anomdies. A key dement for the oscillation is the change of
time tendency and sign of the SST anomadlies in the summer season. The growth of the SSTA
during winter and decay during summer in this Smple dynamic system agrees with the
conclusion of Webgter et d. (1998) that the TBO has strong seasondity with the maximum-
amplitude phase in winter and the node phase in summer.



3. lIrregularity of TBO

We have shown that the smple dynamic system (2.5) exhibits aregular biennid
oscillation under aredigtic parameter regime. However, in redity, the TBO isfar from regular.
In this section, we shdl examine the sengtivity of the modd solution to some of the modd key
parametersin order to understand possible mechanismsthat cause theirregularity of TBO.

3.1 Sengitivity to internal parameters

For thisanalys's, we choose two important internd parameters that are crucid to this
modd: the air-sea coupling coefficient, a, and the SST-thermocline feedback coefficient, g. The
former links the surface wind stress with the oceanic current, while the latter connects the
thermocline displacement with the change of subsurface ocean temperature (which may further
feedback to SSTA through anomalous vertica temperature advection).

The modd (2.5) is rewritten to explicitly include the air- sea coupling coefficient, a, and
the SST-thermodine coefficient, g, as parameters. An ensemble of solutionsis obtained by
varying, in steps, a from 6" 10% to 13" 10% kg m? s* and g from 0.12t0 0.22 K m*. The
frequency and growth rate of each time series solution are then calculated based on aleast square
method, with the specification of the following mathematicd formula
Y(t) =Y, cos(wx - d,) *exp(-s %), wherew denotesthe frequency, s the growth rate, Yo the

amplitude, and dop theinitid phase.

Figure 7 clearly demongtrates that with the changes of interna coupling coefficients, the
sample dynamic system undertakes different regimes, for instance, from an ungtable to a gable
TBO regime or from a TBO regime to a chaotic regime or anon TBO (annud oscillation)
regime. Thus this sengtivity experiment demondrates that both processes are critical for
obtaining the TBO. On the lower left-hand corner, where air-sea coupling is rdatively wesk, the
modd exhibits a non-biennid oscillatory behavior, with a period of oneyear (Fig. 83). In the
middle, solutions are much moreirregular, exhibiting a chaotic oscillation regime (Fig. 8b). The
stable and growing biennid oscillatory behavior is on the upper right-hand corner where both the
ar-sea coupling and the SST-thermocline feedback coefficients are sufficiently high (Fig. 8c).

A lower bound (i.e., anecessary condition) for the biennia oscillatory behavior can be
derived anayticaly by considering the modd’s summer regimein Fg. 4. As stated previoudy,
one of the criteriafor oscillation is that during summer, the modd must be in the stable focus
regime. This meansthat the summer parameter point must be benegth the focus regime
boundary curve (see Fig. 4). Therefore characterigtic equation (A.7) in Appendix A must have

imaginary roots.
(a+d)®- 4xaxd- bx) <0. (3.1
Subdtituting (3.1) with the standard parameters in summer, we have a quadratic equation
for g astheleft-hand side of the condition:
443X10* »a 2 xg? + (- 127 410° »a +149X10% »a ?) >g +127 + 206 X10° >a - 450X10°» % <0
(32)

Sincea isof the order of 10° kg m? s, we can expand a into a power series and retain the first
two terms without any logt of sgnificant digits
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Thus the necessary condition for the biennid oscillation would be

g> 0.00103 +0030 and g < 0.0277

a a

Since the second condition in (3.4) isdways satisfied in the red world, the first condition
represents alower limit for the biennia oscillation. In other words, it is a necessary (but not
sufficient) condition for the TBO to occur. This condition is demarcated by athick dashed linein
Fig. 7. It implies that the TBO regime must appear above theline.

+0.367. (3.4)

In addition to a and g, the modd is also sengtive to other internal parameters such asthe
amospheric Rayleigh friction coefficient, e, and the depth of the ocean mixed layer, h, as shown
inFg. 9. With the dight change of these parameters, the mode solution can shift from a TBO to
anonTBO regime or from an oscillation to a chaotic regime, leading to the irregularity of the
TBO. It isas0 noted that a common feature from those sengtivity experimentsis that the moddl
aways undergoes arapid decay during the chaotic trangtion from aregular TBO mode to a non
TBO mode or vise versa.

3.2 Sensitivity to basic-state changes

In the previous section, we have shown that the modd may switch from an oscillatory to
anon-oscillatory mode or from a TBO mode to annud oscillation mode with the change of
interna parameters. Specificdly, when the summer parameter point in Fig. 4 shiftsfrom agtable
focus regime into a stable node regime, biennid oscillation is not possible. In this section we
further examine the sengtivity of modd solution to externd parameters such as the basc sate of
the coupled ocean-atmosphere system.

Figure 10 illugtrates the modd oscillation regimes under different basic Sate parameter
vaues for the zond wind over the Indian Ocean and the upper-ocean vertical temperature
gradient in the western Pacific. Note that the modd solution is very sengtive to the externd
parameters. With asmall change of these basic state parameters, the model may undertake a
bifurcation from a TBO mode to a chaotic regime or to anon-TBO (annud oscillation) regime.

The senstivity of the mode oscillatory behavior to both the basic sate and interna
parameters poses an interesting question: are they the causes of irregularity of TBO? Asthese
parameters represent the measure of dynamical processes of the complex physica world, they
may change from time to time. For instance, the interactions with other tropica systems such as
the Madden-Julian Oscillation (MJO) and ENSO may interrupt or break the regular cycle of a
TBO by changing the sign of SSTA either in the Indian Ocean or the western Pecific from a
positive (negative) to a negative (pogtive) anomay. Furthermore, in a stable (or decayed) TBO
regime, abiennid oscillation may not be well sdf-sustained. In this case, amospheric motion
associated with random synoptic-scale disturbance may trigger or initiste a TBO cycle. All these
circumstances are possible scenarios to cause the irregularity of the TBO.

Onefascinating observetiond fact is the prolonged El Nino warming in the Pacific during
the early 1990s. The duration of this prolonged warming is about 5-6 years, exceeding the period
of al past recorded ENSO events. Gu and Philander (1997) suggested that tropical-midlatitude
exchange through ocean subduction might be responsible for this prolonged warming. Here we



propose that the persistent warming may result from the bifurcation of the TBO mode under a
dowly evolving interdecadd basic state. It iswell known that tropical SSTs and winds undertake
adggnificant interdecadal change (Trenberth 1990, Wang 1995, Zhang et a. 1997). Such an
interdecadd basic sate change may lead to atrangtion from aregular TBO regime to a
“permanent” El Nino stage. To demondrate this possibility, we specify adowly evolving (with

an oscillation period of 15 years) interdecada basic state zona wind at the equator. The
amplitude of thisinterdecada wind is 1 m/s, based on an observationd andysisby Chang et d.
(2000). Figure 11 shows the time series of the smulated eastern Pecific SSTA in thiscase. The
interdecadal change of the basic state wind indeed causes a bifurcation from aregular TBO mode
to a prolonged warming stage in the equatoria eastern Pecific, resembling to some extent the
observed phenomenon.

4. Conclusion and discussion

A time-piecewise linear coupled oceanatmosphere mode! is derived based on the
previous 5-box modd of Chang and Li (2000). For given standard parameter vaues (listed in
Appendix A), the mode exhibits aregular biennid oscillation. The modd is then analyzed using
linear differentid caculusto explain the cause of the TBO. It isfound that two ingredients are
essentid for oscillation in the current modd: 1) the amplification of SST perturbationsin both
the Indian Ocean and the western Peacific in opposite directions during the northern winter; and
2) the SST anomalies must decrease in magnitude and change in Sign in the northern summer.
Under such a scenario, the model TBO exhibits a characteristic spatia pattern and seasona
progression, with a strong Australian monsoon following a strong South Asian monsoon.

Anaogous to the El Nino delayed action oscillator that depends on equatoria oceanic
wave propagation, the current TBO monsoon oscillator depends on remote and local oceant
atmogsphere interactions in the Asan Australian monsoon region and the equatoria Indian Ocean
and western Pecific. On one hand, the annua cycle of the Asan Australian monsoon, asa
pacemaker, strongly regulates the TBO mode, so that the biennia oscillation is phase-locking
into the seasonal cycle. On the other hand, the feedbacks between the Indian Ocean SSTA and
the monsoon, between the surface wind and evaporation, and between the wind stress and ocean
thermocline contribute to the year-to-year variation of the coupled air-sea modes. Among various
ar-seainteraction processes, the impact of the Asan monsoon on the Pecific SSTA through
large-scae east-west circulation and the influence of the western Pacific/maritime continent
SSTA on the strength of the western branch of the Walker cdll over the Indian Ocean are most
critical. It is suggested that the origin of the TBO may arise from ocearn+ atmosphere interactions
within the monsoon sector in the tropics.

The possible influence of midlatitude circulaion on the tropical biennia oscillation has
been proposed by Meehl (1997) based on the diagnosis of output of a coupled ocean-atmosphere
model. The key element of this proposed mechanism is the linkage between anomaous tropica
heating and midlatitude circulation patterns. However, such alinkage is beyond the scope of the
current study. It deserves further observational anayses.

An essentid difference between the current 5-box mode and previous conceptua TBO
models such as those discussed in the firgt section is that the current modd considers the
interactions among multiple regions whereas the previous models congdered only locd air-sea
interaction processes. Because of locality, some forms of time delay between atmosphere (such
as surface wind) and ocean (SST) are required (see discussions in section 1), in order to obtain an

10



oscillatory solution. As shown by this study, such a congraint is neither dynamicaly consstent
nor necessary. The time delay between the surface wind and SST in the western Pecific as
observed by C98 is aresult rather than a cause of TBO. It results from both remote and loca
oceanamogphere interactions, interactions that involve the Asan Austrdian monsoon and
associated large-scale east-west circulation, evaporation-wind- SST feedback, and subsurface
ocean temperature changes.

The sengtivity analyss of the current moded reveds that the modd solution is sengtive to
changes in both internd parameters such as air-sea coupling and atmospheric friction coefficients
and external parameters such as the basic state zonal wind and upper-ocean vertical temperature
gradient. It isfound that a necessary condition for the mode to be in the TBO regime is that two
crucid ar-sea coupling coefficients, reflecting the surface wind-ocean current and the subsurface
temperature- ocean thermocline relaions, must be sufficiently large and within reasonable ranges.
With the amdl change of both the internd and external parameters, the model may undergo a
bifurcation from aregular TBO regime to anon-TBO (either chaotic or annua oscillation)
regime. When the basic sate varies dowly on the interdecada time scale, the model SST
experiences a continuous warming pattern, smilar to the prolonged warm episode in the
equatoria Pacific during early 1990s. However, it isimportant to note that the observed behavior
inthe early 1990sis unique for the last century whereas the low-frequency fluctuation of the
wind might be ubiquitous throughout the record. Thisimplies thet there are likely other factors
that may contribute to this unique feature. It is anticipated that the complex behavior of the
observed TBO may arise from its interactions with motions at other scales such as MJO, ENSO,
or synoptic-scae disturbances. These interactions may dter the model oscillation regimes and
giveriseto theirregular oscillation behavior of the TBO.
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Appendix A: Andytica solution for linear homogeneous first-order differential equations

Inits mogt generd form, alinear system of homogeneous firg-order differentid
equations represented by

ﬂ = X
=M, (A1)

where T(t) isthe vector of variables of concern and M isthe matrix of constant coefficients, has
asolution

T(t) = exp( txM)XT(t,) (A2)
wheretg isthetime of theinitia conditions and exp() isthe matrix exponentia function

2 3
exp(t XV) =1 +t XM +%>4\/|2+t§>4\/|3+.... (A.3)

It isagenera property that for red t and n-by-n square mairix M , the series (A.3) is convergent.

In the following discussion, we consider the solution of two independent variables initial
value problems and its orbitsin phase space. (A.1) isthen

AL axx+bxy
t (A.4)

iy '
—= +d
Tt cxXx+dxy

The linear sysems of differentid equationswith initid vaues lend themsdves particularly well
to Laplace transform techniques. The Laplace transformation of (A.4) is

SXX - X, =axX +bxy

A5
SXY - y, =cxX +dxy (A-5)

where s, X, and Y are the Laplace transform of t, X, and y; xo and yp are theinitia vauesof x and
y a timeto. The solution of (A.5) is

(S' d)xo+bxyo
~ §2- (a+d)xs+(axd- bx)
— CXX0+(S' a)Yo .
~ s2- (a+d)xs+(axd - bx)

If we definel 4, | _ (incidentally, they are aso the eigenvaues of M in A.1) to be the roots of the
characterigtic equations

|2- (a+d)¥ +(ad- bc) =0, (A7)

(A.6)

or equivaently,
(I -a)l -d)=b:c, (A.79)
then it plainly appears that (A.6) can be written as



X = (s- d)x, +bxy,

(-1 1.) "8
y 2 S% *(s- )Y,
(s-1.)s-1")

Considering only the solution of the genera non-degeneratelinear system (i.e | +1 | ), the
inverse Laplace transform of (A.8) is

(= DX 0 (- ) by

(I,-1.) (-1
cxx, + (I, - a) cxx, + (. - a) - A9
(t)= 0 + yO )el,,x_ XO - yO )el,x
(I,-1.) (.-1.)

Thisis the generd non-degenerate solution for (A.4). Itisilluminating to examine solutions
(A.9) in the phase space and we shadl consider separately the cases where the roots of (A.7) are
redl and complex.

Case of real roots, (a+ d)* 3 4(axd - b>c):

The phase space diagram of (A.9) can be obtained by first looking at the asymptotes as
time tends to infinity and as time originates from minusinfinity. Assume, without aloss of
generdity,

[+>1_. (A.9)
From (A.9), we see that the asymptote gradients, G: and G,
G+ ° lim y(t) — C:XO +(I + a)yo
w¥ x(t) (I, - d)x, +bxy,
G_ ° lim y(t) — CXXO +(| - a)yo
w-¥x(t) (1. - d)x +bxy,
Using (A.7a), (A.10) can be reduced, respectively, to

c |._-a
-d b if(l.*dyand(l_1* a),o0r
a ¢

(A.10)

(A.11)

if(l.*aand(l_1* d).
g M@t d
If both | 4, | _ are negative, then from (A.9), it is plain that both y(t) and x(t) will tend to
infinity with time and to zero with reversetime (i.e. t® —¥), resulting in astable node (Fig. Al).
On the other hand, if both | 4, | _ are positive, then the solutions tend to zero with time and to
infinity with reverse time, forming an unstable node. If the eigenvalues are of opposite Sgns,

then the solutions tend to infinity with both time and its reversd, having asaddle point for the
origin.

Case of complex roots, (a+ d)? <4(axd - bxc):

13



If the eigenvalues are complex, then we can subdgtitute | , - =a +ib into (A.9) gving

X(t) = ea*gio scos(b ) + & d)’;’ D0 i b )2
(4]
@y, . (A.12)

i b )2

y(t) :ea*éeyo xcos( b ><t)+C =

If a is negative, then from (A.11) the solution tends to zero, and its origin isa stable
focus (Fig. A2). If, however, a isgreater than zero, the solutions tend to infinity, forming an
unstable focus. For a = 0, the solutions are periodic and the origin isa center point.

The dependence of the solution type on the roots of the characteristic equation (A.9), and
hence on the coefficients a, b, ¢, and d, isgivenin Fg. A3. Thedividing curve between the foci
and the nodes are given by the equation (a+ d)? — 4(ad—bc) = O, while the regime for the center
point solutions is the positive horizonta axis.
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Table 1: Thelist of key parameters of the coupled model

Parameters Vdue

Ocean thermocline mean depth H 150 m

Ocean mixed layer mean depth h 50m

Reduced gravity g 0.015ms*
SST-thermodine feedback coefficient g 0.18K m~
SST-gpedific humidity constant k 7 10%K*
Rayleigh amaospheric friction coefficient e 17107 s*
Oceanic Ekman layer friction coefficient r 1" 10° st
Air-sea humidity difference Dg 5.6 107

Half length of Pagific basin Lew 8 10°m
Indian Ocean annua mean zona wind speed 0, 3ms*
Western Pecific annua mean zona wind speed 0, Oms*

Mean constant surface wind speed Vo 4ms*

Indian Ocean mean upwelling speed W, 2 10°ms?
Western Pacific Ocean mean upwelling speed W, 2 10°ms?
Indian Ocean mean zona temperature gradient T ™ 210" K m?
Central Pacific mean zond temperature gradient T -5 107 K m?
Indian Ocean mean vertica temperature gradient T 1" 102 K m?
West Pacific mean verticdl temperature gradient T 1"10% K m?t
Air-sea coupling coefficient a 9.6" 10° kgm? s
Wind-evaporation feedback coefficient I 21 10°K m?
Interactive coefficient C1 40ms- K™
Interactive coefficient C2 1.6mstK™
Interactive coefficient Cs 40mst K™
Interactive coefficient Ca 42ms- K™
Interactive coefficient Cs 30ms* K™
Interactive coefficient Co 42mstK?
Interactive coefficient C7 03ms K™
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Table 2. The coefficients for the smplified TBO model for different seasons.

Seasons a b c d
Winter -3.15 -4.06 12.87.
Spring -3.15 -4.06 027 -
Summer -13.04 -4,06 13.34 027
Autumn ~3.15 -4.06 0

027
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Fig.1. Time series of SST anomalies associated with C98's TBO (Egs. 1.1-1.2), M87's TBO (Egs. 1.1-1.3), and

El Nino delayed oscillation (Egs. 1.1-1.4).
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Fig.2.  Schematic diagram of the 5-box model of Chang and Li (2000).
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Fig.3. (&) Thesimulated TBO in the simplified dynamic model (Eq. 2.5); (b) the lagged correlation between the
western Pacific SST and zonal wind anomalies.
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Fig.8.  Time series of the model SSTA (solid line: western Pacific, dashed line: Indian Ocean) in (@) anon-TBO
(annual oscillation) regime (a =13.4 10kg m2s! and g=0.12 K m'), (b) a chaotic regime (a =9.1 10°kg m?s®
and g=0.1785 K m%), and (c) aTBO regime (a =8 10°kg m?s' and g=0.2075 K m'%).
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Fig. ALl. The phase diagrams for real eigenvalue cases (long dashed line: asymptote G. ; short dashed line:
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